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The causes of the GOBE remain poorly understood and may include both intrinsic biological factors and external environmental drivers (such as global cooling, nutrient delivery from erosion, higher sea levels that expanded habitable platform area, and oxygenation) 1, [3] [4] [5] . Oxygen isotopes from well-preserved conodont apatite provide proxy evidence for high sea surface temperatures (~40 °C) at the onset of the Ordovician that may have inhibited diversification, but global cooling throughout the Early-Middle Ordovician brought temperatures closer to modern conditions and possibly into the tolerance window (27-32 °C) for members of the Palaeozoic EF 6 . Cooling oceans could also store more dissolved oxygen and more effectively ventilate subsurface environments, which would in turn create a stronger vertical gradient in carbonate saturation that lowered the metabolic costs of skeletal carbonate biomineralization in surface waters 7 . A global increase in atmospheric oxygen 8 and oxygenation of shallow marine environments may have also eased stressful conditions for benthic animal life 9 and expanded the range of habitable ecospace for infaunal burrowers deeper into the sediment 10 . A more oxygenated ocean could also have supported more predators in the food chain (fish and cephalopods), setting into motion an evolutionary 'arms race' 11 . Ordovician global cooling is generally thought to have been caused by decreasing atmospheric CO 2 (the cause of this drop is itself not well understood, but hypotheses include increased silicate weathering 12 and the advent of land plants 13 ), but a role for increased atmospheric O 2 is possible via an increase in total atmospheric pressure and the associated inhibition of solar optical depth, scattering incident solar radiation that would have otherwise contributed to the surface latent heat flux 14 . These arguments for linking oxygenation to cooling and biodiversification, while compelling, are hindered by poorly constrained ocean-atmosphere oxygen records. Existing isotope mass balance models are hampered by coarse time resolution (typically 10 Myr bins) that are not capable of resolving changes in atmospheric O 2 as a cause of the main pulses of biodiversification across the GOBE [15] [16] [17] ( Supplementary Fig. 1 ). The absence of charcoal is interpreted to reflect atmospheric O 2 levels below 13-15% until the Late Silurian 18 , but primitive non-vascular land plants only expanded into terrestrial environments by the Middle-Late Ordovician 13 , thus the charcoal record is not well suited to constrain Early Ordovician O 2 levels. Land plant expansion is thought to have increased organic burial rates and oxygenated the atmosphere to near modern levels 13 , but the timing and magnitude of this oxygenation is also poorly resolved. Similarly, although iron-based redox proxies suggest that O 2 levels were between 2% and 21% throughout the Ordovician, their resolution is not yet sufficient to resolve finer temporal trends 19 . Here we apply a new approach to reconstruct the changes in atmospheric oxygen with high age-resolution based on the O 2 -dependence of carbon isotope fractionation during photosynthesis 20 .
Effects of atmospheric O 2 on photosynthesis
Our estimates for Ordovician atmospheric O 2 are based on the link between photosynthetic fractionation of stable carbon isotopes in primary producers (such as marine phytoplankton) and changing O 2 . The carbon fixation enzyme ribulose 1,5-bisphosphate carboxylase-oxygenase (Rubisco) has dual carboxylase/oxygenase functions, which results in variations in photosynthetic fractionation (ε p ) as a function of CO 2 and O 2 concentrations inside the cell [20] [21] [22] C or isolated populations of phytoplankton with site-specific algal growth rates or physiologies are minimized when compiled using data from a range of ocean basins and environments to highlight long-term trends. The estimated isotopic fractionation during photosynthesis in phytoplankton (ε p-estimated ) can be expressed as 24 :
p estimated d p
To estimate δ d we adjust δ
13
C carb for fractionation effects associated with temperature (using estimates from the literature 6 ) and the formation of carbonate in seawater (Supplementary Fig. 7 ; see Supplementary Information for calculations, a discussion of corrections, and sensitivity testing for constant and alternative temperature estimates). To estimate δ p we adjust δ 13 C org to take into account the 13 C enrichment by secondary microbial heterotrophy on biomass (average + 1.5‰ 25 ). We recognize that deriving ε p from bulk carbonate and organic matter is difficult considering that ε p can be species-specific and influenced by algal physiology and growth rate 22 , and that it is particularly challenging to estimate ε p globally on geologic time scales. Comparison in other Paleozoic strata between δ 13 C org and its associated biomarker compounds, thought to be most representative of the original biomass, shows that bulk organic trends can faithfully preserve δ 13 C trends of biomass 26, 27 with the notable exception of highly productive coastal upwelling systems 28 .
Although circulation patterns are poorly constrained for the epeiric sea from which a portion of the samples used in this study were collected, strong upwelling systems analogous to the modern Peruvian margin 28 , if present, were probably confined to the western Laurentian continental margin 29 . Nonetheless, we consider our ε p record a first-order approximation. The large number of paired δ 13 C measurements used here (n = 945) permits the use of a locally weighted smoothing line (LOESS, α = 0.2) to capture the overall trend in ε p-estimated , which increased from about 20.2‰ during the Early Ordovician to 22.5‰ during the middle Late Ordovician ( Supplementary Fig. 3) .
It may be possible that this pattern of increasing ε p is a function of biologic controls (such as variations in the dominant phytoplankton populations, productivity and growth rates, cell size) rather than environmental changes. This interval spans the 'Ordovician Plankton Revolution' , a period recognized for the diversification of several plankton groups 30 , but the poor fossil record of Ordovician phytoplankton (that is, acritarchs) makes it difficult to assess the true diversity of algae. However, considering that this overall ε p increase occurred over several million years and is reproducible across several basins, we infer that local biologic factors were not as important as ambient CO 2 and O 2 levels, which are more likely to affect the carbon cycle globally. Thus, an increase in ε p can best be explained by some combination of either rising atmospheric CO 2 or O 2 because both molecules directly impact isotopic fractionation during carbon fixation via Rubisco.
In experimental settings where it is possible to directly measure ε p , the value expected for a given CO 2 change and set of growth conditions at fixed O 2 is calculated using the following relationship 21, 22 :
p expected f 2 aq where ε f is the maximum fractionation possible from photosynthesis (25‰), b is the sum of species-specific factors such as growth rate and cell geometry (we use the empirically derived value of b = 171 from ref.
31
; this approach assumes simple CO 2 diffusion into Sr records (Fig. 1 ) to improve the model's ability to estimate time-resolved CO 2 to approximate [CO 2 ] aq and calculate ε p-expected . This introduces a degree of non-independence between our two models, but independent CO 2 estimates from the COPSE model 13 yield similar O 2 results (Supplementary Fig. 4b) .
If the variations in ε p-estimated (which is based on the difference between δ 13 C carb and δ 13 C org ) were solely caused by the changes in atmospheric CO 2 from GEOCARB, then ε p-expected = ε p-estimated . The ε p-expected trend (from GEOCARB CO 2 ) shows essentially no change between 22.1‰ to 22.5‰ throughout the Early-Middle Ordovician, and later decreases to 20.9‰ into the Late Ordovician (Supplementary Fig. 3 ). Values of ε p-estimated during the Early and early Middle Ordovician vary between 20.0‰ and 20.5‰ (average 20.2‰), but sharply increase to ~22.5‰ by the early Late Ordovician ( Supplementary Fig. 3 ), which seems to be driven by the end of the long-term cooling trend during the Middle Ordovician 6 and the overall increase in the difference between δ 13 C carb and δ
13
C org (Δ 13 C; Fig. 1 ). This increase in ε p-estimated would then require CO 2 levels to have increased over this period, which is contrary to models that indicate CO 2 decreased steadily from > 2,800 ppm during the Early Ordovician to < 2,000 ppm during the Late Ordovician 13, [15] [16] [17] 33 ( Supplementary Fig. 1 ). Thus we assume that the observed increase in ε p-estimated is instead caused by an increase in atmospheric O 2 (that is, controlled by the oxygenase function of Rubisco 20, 34 ). We also assume that factors such as cellular growth rates or cell size did not vary significantly on a regional scale to produce the observed increase in ε p-estimated in multiple basins simultaneously (see Supplementary Information). Whereas changes in marine phytoplankton cell size have been shown to have occurred in the past within specific algal assemblages 35 , and considering that these biological factors affect ε p individually and on a population scale, we presume here that the integration of bulk organic matter from separate ocean basins will minimize these biotic effects.
Modelling Ordovician atmospheric O 2 .
To relate ε p-estimated to atmospheric O 2 we use the empirical relationship 20 :
where, ε p-expected is the value corrected for palaeo-CO 2 effects using GEOCARB while assuming a present-day O 2 concentration (21%) (equation (2)), J = 5 is a scaling coefficient (see Supplementary Information for discussion and sensitivity testing for other values of J), and M O2 /38 = the mass of atmospheric oxygen in the past (in 10 18 mol) relative to the present day. Further sensitivity testing explores how constant CO 2 levels and other factors affect O 2 results (Supplementary Fig. 4b ).
The resultant O 2 trend from the O 2 -dependent photosynthetic fractionation effect (equation (3)) predicts relatively low atmospheric O 2 levels during the Early Ordovician that subsequently increased to modern levels (> 20%) by the Late Ordovician. Although the δ 13 C data were carefully selected from data sets that were not likely to be severely impacted during diagenesis 23 , individual calculated O 2 values exhibit significant scatter between successive measurements ( Supplementary Fig. 5 ). We run a LOESS smoothing line through the data with a 95% confidence interval envelope to capture the overall trend in O 2 (Fig. 2) . Based on this smoothed trend, O 2 levels varied between 10% and 13% throughout the Early Ordovician and earliest Middle Ordovician and sharply rose throughout the Middle and early Late Ordovician to values as high as ~24% by the Katian. During the Hirnantian, a major O 2 decrease is observed that is coincident with the end-Ordovician mass extinction and glaciation, although artefacts related to uncertainty in the correlation of δ 13 C data sets over this short time interval preclude in-depth interpretation 36 ( Supplementary Fig. 6 ). We compare these new atmospheric O 2 results derived from O 2 -dependent photosynthetic fractionation (equation (3)) with the component of the GEOCARB model that calculates O 2 using δ Tables 1 and 3 ). To increase the likelihood of resolving a possible relationship between the GOBE and O 2 , we averaged these data into 5 Myr bins, increasing the typical resolution of the model by a factor of two ( Fig. 1; Supplementary  Table 1) . We linearly interpolated all other time-dependent inputs for the new 5 Myr time step (appendix A in ref. 33 ), which introduces some artificial smoothing. Following ref. 33 , we constrained uncertainty of O 2 and CO 2 estimates by propagating uncertainties in all 68 input factors with Monte Carlo simulations (see Supplementary Information for a discussion on error analysis and error propagation using GEOCARB).
Our new Ordovician O 2 estimates using GEOCARB are broadly similar to previous GEOCARB results 33 with the important exception that our high-resolution data identify an O 2 increase during the Middle and Late Ordovician (Supplementary Fig. 1 ). Atmospheric O 2 estimates from both the photosynthetic fractionation (equation (3)) and geochemical models are largely in agreement with each other during Middle-Late Ordovician and indicate a rapid rise in atmospheric O 2 from ~14% during the Darriwilian (465-460 Ma (Ma)) to ~25% by the mid Katian (455-450 Ma) (Fig. 2) . However, discrepancies between the two approaches occur during the Early Ordovician and Late Ordovician (Fig. 2) . The relatively high O 2 estimates from GEOCARB during the Early Ordovician appear to contradict evidence for recurrent episodes of anoxic conditions that is based on palaeontological and geochemical data 9 , which may reflect the spatial variability of anoxic conditions. In addition, because isotope mass balance models such as GEOCARB are sensitive to both δ Effects of oxygenation on biodiversity. Ocean-atmosphere oxygenation during the Ordovician seems to be an important driver of long-term biodiversity trends (Fig. 3) . Our updated generic biodiversity curve comes from the Paleobiology Database (see Supplementary Information for a discussion of data and error checking) where we account for variations in sampling intensity and collection size (that is, the 'monograph' effect) by normalizing taxonomic data using the Shareholder Quorum Subsampling method 38 at both stage midpoints and 10 Myr intervals (Fig. 3) . Despite the coarse Myr-resolution of these standardized trends (the minimum available at present using http://fossilworks.org), the timing and overall trend of the GOBE is still clear and is similar to others that show brachiopods 39, 40 and all taxa 1 rapidly increasing during the Middle Ordovician and peaking by the Late Ordovician (Supplementary Fig. 9 ). Taxa belonging to the Palaeozoic EF seem to be highly responsive to a more oxygenated ocean, as do the Modern and Cambrian EFs to a lesser extent. A post-Tremadocian (Early Ordovician) increase in the abundance of heavily skeletonized taxa is interpreted to reflect subsurface water mass oxygenation that increased carbonate saturation state in the overlying shallow marine settings 7 . It remains unclear whether increased O 2 also had a direct effect on animal life by permitting larger body plans and enhanced 'arms race' predator-prey relationships 8, 11 , or if it had a more passive effect by expanding the oxygenated ecospace of benthic environments 41 . A temperature control on biodiversification cannot be ruled out, as cooling oceans could store a greater concentration of dissolved O 2 6 , thus making it difficult to resolve whether temperature or an associated increase in oxygen availability was the underlying driver of biodiversification.
The photosynthetic fractionation model suggests a 10% drop in atmospheric O 2 during the end-Ordovician (Fig. 2) that is not produced in the GEOCARB approach. This drop may be an artifact of: (1) large and rapid (< 5 Myr) increases in CO 2 that are not captured in GEOCARB, (2) different age resolutions of the two data sets (5 Myr versus ~0.01 Myr) preventing high-frequency environmental change from being captured 37 , or (3) age assignments of δ 13 C from sections with poor biostratigraphic age control 42, 43 that overemphasize the duration of low ε p-estimated values (that is, an O 2 drop) ( Supplementary Fig. 6 ). Several lines of geochemical evidence 36, 44 suggest that the Hirnantian records a period of oxygenation as oceans were progressively ventilated from ocean overturn during glaciation 45 , with the cooling climate itself contributing to ocean oxygenation 46 . Future work specifically aimed at addressing the possibility of a Late Ordovician oxygen crisis is needed to resolve whether these model results capture a real signal.
The cause of this Middle Ordovician oxygenation is not well understood but its onset seems to be rooted in the late Cambrian, when deep sea anoxia gradually diminished 9 . The late CambrianEarly Ordovician is known for high extinction rates linked to episodic upwelling of anoxic waters into surface oceans, which resulted in enhanced organic carbon and pyrite sulfur burial (inferred from positive δ 13 C and δ 34 S excursions, respectively) 9 . These extinction events and high-frequency positive δ 13 C excursions abate before the first biodiversity pulses that comprise the GOBE. This may indicate that a threshold in subsurface water ventilation was reached that allowed O 2 to build up in the atmosphere and shallow surface ocean, locations that experienced faster O 2 exchange rates than those between the surface ocean and deeper anoxic bottom waters. . b, Biodiversity trends using the Shareholder Quorum Subsampling normalization method 38 were made using the tools available at http://fossilworks.org.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41561-017-0006-3.
Geochemistry. New δ 13 C org data presented here were measured from samples previously measured for δ 13 C carb from the Elkhorn Core of western Ohio 47 . Core samples were crushed and powdered using a mortar and pestle to produce about 1-2 g of powdered carbonate. Samples were acidified using 10 ml of 3 M HCl and centrifuged to decant off spent acid. This step was repeated twice (three in total), followed by three rinses with 10 ml of distilled water and centrifuge. Acidified insoluble residues were dried, homogenized and weighed out into tin capsules for isotopic analysis. Samples were analysed for δ 13 C org using a Costech ECS4010 Elemental Analyzer and passed to a ThermoFinnigan Delta V Plus mass spectrometer using a helium carrier gas via ConFlo IV at Washington University in St. Louis. Isotopic ratios are reported in delta notation (‰) relative to the Vienna Pee Dee Belemnite (VPDB) standard. The precision and calibration of data were monitored through routine analysis of internal and international standards. Standard deviations for δ 13 C org data are all less than 0.22‰.
Previously published data. Carbon isotopic data sets were selected based on reporting of paired δ 13 C carb and δ
13
C org measurements and overlapping coverage with each other of the entire Ordovician period. Data were also selected based on the temporal coverage of each study (generally longer than two or three conodont biozones) to improve our ability to assign age estimates for isotopic data. Although we selected studies with some overlap with each other, some time intervals of the Ordovician have received more attention for their globally correlative positive δ 13 C excursions (for example, the Hirnantian and Guttenberg δ 13 C excursions events (HICE and GICE, respectively)). These intervals are biased with respect to their δ
C resolution compared with elsewhere in the Ordovician (the Floian stage, for example), but differences with respect to data density are minimized for GEOCARB estimates because each time step uses the average δ 13 C value and variance for a given 5 Myr interval.
The paired δ 13 C carb and δ
C org data used in the modelling of this study come from: the Ikla Core, Estonia 
